Original scientific paper https://doi.org/10.2298/TSCI180131265K 
Introduction
The energy needs for electricity generation in the world rely heavily on fossil fuels, since the majority of the power generation is met by coal, natural gas, and oil. Even though renewable energy sources are being rapidly developed, their cost and current technology state have not advanced to a stage where they can significantly reduce the global dependence on fossil fuels. Therefore, it is important that fossil fuel plants, and coal-fired ones in particular, improve the efficiency and reduce their environmental impact, including the reduction of GHG emissions. The energy conversion in the thermal power plants (TPP) is a thermodynamic process, which can be improved by energy analysis that enables identification of energy efficient measures to be addressed. The improvement of the power plant efficiency leads to lower electricity cost and lower emissions, making it an attractive option. The conventional methods of energy analysis based on the First law of thermodynamics focus on conservation of energy. Taking into account the limitations with this approach, achieving higher efficiency warrants additional analysis based on the Second law, which includes analysis of the exergy --------------lyze the system components separately and to identify and quantify the sites having largest energy and exergy losses. Datta et al. [20] have presented an exergy analysis of a coal-based thermal power plant conducted by splitting up the entire plant cycle into three zones. Reddy and Butcher in their work [21] analyzed a waste heat recovery power generation system, based on Second law of thermodynamics. Suresh et al. [22] compared the exergetic performance of a coal-based power plant using subcritical, supercritical, and ultra-supercritical steam conditions.
A new combined cycle concept is proposed in the study [23] , in an effort to improve the thermal power plant cycle efficiency by reducing the energy loss in the plant components. The proposed combined cycle plant uses water as a working fluid in the topping cycle and an ammonia-water mixture in the bottoming cycle and, according to the study, it is 4% more efficient than the standalone Rankine cycle operating on a condensing mode. The work [24] presents a simplified method for determination of exergy efficiency of a steam-turbine cogeneration installation, taking into account the efficiency of separate plant components. A case study of detailed exergy analysis conducted in a coal-fired power plant unit is presented in [25] . The analysis identifies the locations and magnitude of exergy destruction in the system and its components and assesses different efficiency improvement options. In the work [26] the author explains his views that, to better understand and address environmental concerns, we need to focus on the linkages between exergy and the environment, and that much more research is needed if the (potentially immense) benefits are to be fully tapped.
The review exposes the weaknesses of the traditional approach for power plant efficiency analysis that relies solely on the principle of conservation of energy and suggests that an in-depth comprehensive analysis should necessarily include appropriate exergetic analysis of the plant and its components. Current research in this area mainly takes place in two general directions -exergo-economic analysis and detailed analysis of system components. As fossil fuels dominate the world primary energy supply and will do it at least for the next few decades, further improvement of the fossil-fueled power plants is needed due to many reasons, including the environmental impact and plant economic operation. The substantial approach to thermal power plants efficiency analysis must involve an exergy analysis, with emphasize on the sources of exergy dissipation and process irreversibility. The present work aims to give contribution towards the gaining further knowledge and experience in the use of exergy method for performance evaluation of coal-fired power plant and of a steam generator as one of the plant's key components. In this study, an exergy analysis of a 315 MW lignitefired TPP is carried out. Since lignite is the only significant fossil fuel resource in SEE Europe, it is of a great importance to define possible strategies to maximize the efficiency of the existing power plants. The objective of this work is to perform a steady-state simulation in order to identify the locations, sources and magnitude of thermo-dynamic inefficiencies in the utility steam generator, as one of the key components of a TPP.
Technical description of the analyzed TPP
The present analysis considers the two units of a thermal power plant that have been put into operation in 1983 and 1984, each with nominal power output of 315 MW (339 MW total power) [27] . The steam generators are designed to be fueled on lignite with net calorific value (NCV) in range 6280-9211 kJ/kg as received, with a guarantee NCV of 7327 kJ/kg [27] . They are aimed for operation in a cycle with feed water temperature 251 °C, steam temperature 545 °C and pressure 177.4 bar. The average ultimate analysis of the fuel is presented in tab. 1, giving NCV of 7580 kJ/kg. The combustion air is preheated at 272 °C and the flue gas- es average temperature at the rotating air-heaters outlet is 160 °C. Figure 1 illustrates schematically the basic layout of the considered thermal power plant, consisting of several subsystems: steam generator, turbine, regenerative pre-heating subsystem including water thermal treatment plant (deaerator), and part of the solid fuel treatment facility. The steam generator is a single gas path tower-type, with forced circulation, a direct tangential combustion system and with a system for slag removal in a solid-state. Some of the basic features of the boiler are a large rectangular cross-sectional area (15.75 × 15.38 mm), hot flue gas re-circulation from the section between the second and fourth stages of the primary superheater and a large number of steam soot blowers (102) [27] . The burner system consists of eight wind box assemblies with staged fuel-air introduction, arranged in a way to direct the coal and air streams at slight angles off of the diagonals and tangent to an imaginary firing circle in the furnace center. Each burner assembly is equipped with separate facility for pulverized coal preparation. The grinding and drying of coal is carried out in eight fan mills with inertial separators. The designed fineness of grinding is such that 45% of the pulverized lignite should be below 90 μm and up to 3% particles can be larger than 1 mm. Gas temperature at the mill entrance before the lignite introduction is 650 °C and temperature at its outlet is 180 °C. The properties of the lignite mineral matter are presented in tab. 2 [27] .
The evaporation heat exchanging surfaces -HES (water-walls) are made of membrane panels with vertical tubes stretching from the collectors at the bottom of the furnace, via the super-heaters and re-heaters' zones, up to the upper collectors, above which only the water economizer is located, in an unassembled box. The steam superheaters, reheaters and the economizer are installed in one gas channel along the flue gas path. The superheater second stage (SH2) is built in 'wind-walls' design, covering partially the screen evaporator waterwalls in the zone below the suction openings of the hot gas re-circulation. The working fluid parameters of the steam generator HES are given in tab. 3 [27] . The flue gas stream is divided into two parallel lines, with cracks in front of the rotary air heaters. The initial preheating of air is carried out in steam pre-heaters. 
Materials and methods
The limitation of the conventional energy analysis approach, based on the First law of thermodynamics, is that it does not take into account properties of the system environment, or degradation of the energy quality through dissipative processes, which means that it does not characterize the irreversibility of the system [28] . Achieving higher efficiency, therefore, warrants a higher order analysis, based on the Second law of thermodynamics, as this enables us to identify the major sources of loss, and shows avenues for performance improvement [28] .
Exergy analysis
Exergy analysis characterizes the work potential of a system with reference to the environment conditions, which is the maximum theoretical work that can be obtained from a system when its state is brought to the reference atmospheric conditions. The destruction of exergy in certain process is proportional to the entropy generation in it, which accounts for the inefficiencies due to irreversibility. This means that exergy losses are linked to the entropy generated within a transformation. The exergy analysis of a thermal power plant gives a qualitative picture of exergy dissipation in the energy conversion process and the ability to limit the losses. Its main purpose is to identify the locations, magnitudes, causes and sources of inefficiencies. This information can be useful in designing a new energy efficient system, but also for improving the performance of existing systems.
The First law of thermodynamics efficiency of a system or/and system component is defined as the ratio of energy output to the energy input to the system/component.
The Second law efficiency is defined: 
The overall energy balancing of the steam generator in this work is based on the normative method [29] and the general approach of the exergy balancing is depicted in fig. 2 [30] . The calculation of the coal combustion statics, i. e. stoichiometric quantities of oxygen and air, as well as flue gas quantities is based on the normative method [29] . The baseline case is set as combustion at 20% excess air, i. e. λ = 1.2, and the results are given in tab. 4.
Energy balance calculations
Adiabatic flame temperature is used as reference temperature for calculation of heat transferred in the furnace. It is calculated from the energy balance of the boiler furnace, under 
As a baseline case, the assumed adiabatic flame temperature at 10% flue gas recirculation (x gr = 0.1), is t ad = 1,550 °C.
The mean specific heat capacity of the combustion products is calculated by the expression:
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The enthalpy of flue gases in certain point is determined with the following expression:
The obtained flame adiabatic temperature value at the baseline conditions is
The temperature at the furnace outlet (in °C) is calculated with the following equation [29] :
The meaning and the value of the variables and coefficients in eq. (5) are given in tab. 5. Since the calculation procedure of t B is iterative, as a first step, it is assumed that t B = 1160 °C, which results in mean heat content of flue gases (M g c p,g ) m = 6.469 kJ/kgK, where the mean specific heat capacity of flue gases is calculated by eq. (3), on a temperature range t A = t ad to t B . With the values in tab. 5, the obtained temperature of the flue gases at the level below SH2 is t B = 1161 °C. The temperature profile along the boiler furnace was determined using the zone method [29] . According to that approach, the mean temperature of flue gases exiting the main combustion zone was calculated by iterative procedure with the expression: Temperature of the flue gases at the exit of other zones was also calculated iteratively [29] :
Temperature at the exit of zone with radiate-convective superheater was calculated as [29] :
Heat received by working fluid water/steam in each heat exchanging surface is defined as:
which is equal to the heat transferred from the combustion products to the HES:
(10) The previous equations were applied for energy balancing of all the HES in the steam generator, determining that way the energy distribution to the heat exchanging surfaces and the flue gas temperature change along the boiler height, as well. Further step towards an improvement of the overall procedure will be application of CFD analysis of the steam generator, with approach similar to the one implemented in [32, 33] .
Exergy balance calculations
For solid fuels the chemical exergy is calculated with the following semi-empirical relation [34] 
The total fuel chemical exergy [kW] at plant nominal operating mode is
The specific physical exergy of the working fluid water/steam is generally defined:
The water/steam side exergy flow rate is calculated as E w/s = m w/s e w/s [kJs -1 ]. The atmospheric pressure and reference state temperature are taken respectively: p 0 = 101325 Pa and T 0 = 293 K. The specific physical exergy of flue gases is calculated as exergy of ideal gases mixture: ] is calcu-
Once the exergy flows of all input and output streams for certain component were determined, (i. e. heat exchanging surface), the exergy destruction was calculated as difference between the exergy changes on gas and on water/steam side. The specific exergy of the hot gas re-circulation stream at level C ( fig. 1) 
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The exergy of the flue gas mixture at temperature T ad is given:
Apart of d comb , the exergy losses related to the boiler furnace include losses due to incomplete combustion -of chemical (q 3 ) and mechanical reasons (q 4 ), heat loss due to radiation and convection (q 5 ), and loss due to heat contained in the ash and slag falling through the furnace funnel (q 6 ):
The values of q 3 , q 4 , q 5 , and q 6 (kJkg −1 fuel) are set on a basis of recommendations given in [29] . In this case, it was assumed that q 3 is 1% of the energy entering the furnace with the fuel q = (NCV), q 4 is 2% of q, q 5 and q 6 are 0.5% of q, each and T ash = 873 K (600 °C). Thus, it is obtained e l = 256 kJ/kg. 
Results and discussion
The main purpose of the exergy balance analysis is to identify the components of the system where large exergy losses occur. Based on the approach described here and in [5, 8, 25] , exergy flow in different streams of the power plant steam cycle was calculated at the points before and after the process components. Several operating modes of the power plant were subject of analysis, with regard to the plant design parameters and measured values from the monitoring system [30] . The overall exergy balance diagram of the power plant operation in nominal mode is given in fig. 3 , based on [30] . The analysis shows that the heat transfer processes in the cycle, particularly in the steam generator, are in a relatively good range that suggests a proper design of the power cycle equipment. In different modes, the shares of exergy loss for the plant components change, while the boiler covers yet the major part of loss with about 82-84% of the total exergy destruction. This is a reason for devoting more attention to the processes taking place in the steam generator plant in order to improve its efficiency. In addition to the steam generator, regardless of the operating mode, the turbine system and the condenser are components with significant exergy destruction, but with small potential for optimization. The destruction of exergy in the steam turbine is major contributor to the total plant exergy destruction, due to the irreversibility in the steam expansion process. According to the First law analysis, the plant condenser has the highest heat loss in the cycle, however, due to the low quality of the lost energy, the saving potential is not very significant.
The flue gases temperature change along the steam generator gas path, determined with the zone method (according to [29] ), is presented in fig. 4 for several operating modes.
The chart in fig. 5 shows the calculated energy distribution along the steam generator sections and HES. It presents how the energy contained in the gases is distributed along separate sections of the boiler (Total-gs), the amount of flue-gas energy that is delivered to evaporator segments (Evap-gs) and to other HES (HExs-gs), the amount of energy that is absorbed by the HES for water heating, steam superheating and air heating (HExs-wsas) and the energy that is absorbed in separate segments of the evaporator (Evap-wss). Calculated exergy changes of the streams on the sides of the combustion products and water/steam, as well as the exergy dissipation due to combustion and heat transfer in the steam generator in the nominal operating mode are presented in tab. 6. The exergy flow in the steam generator in nominal operating mode is presented in fig. 6 . The largest exergy destruction occurs due to the combustion process irreversibility and the heat transfer from the combustion products to the working medium (water, steam and air), which determines the boiler's internal efficiency. and heat transfer processes can be achieved through a set of measures. Thus, sufficient preheating of combustion air, controlling the excess air at optimal level, lignite pre-drying by use of re-circulating flue gases heat, creating conditions for suitable fuel and air mixing, reducing temperature difference between combustion products and water-steam in every stage of heat transfer process, utilization of the energy contained in the exit gases and other measures can be effective in controlling the exergy losses. Since changes in the steam generator internal with the aim of heat transfer optimization are hard to be undertaken at this point, the retrofit measures related with fuel treatment and combustion process optimization seem to be achievable. In that sense, fuel pre-drying by use of combination of flue gases hot-and cold re-circulation and fresh air preheating with dryer exhaust gases is an attractive option, with significant energy saving potential. In the present case, the raw coal is pulverized and dried in a direct closed pulverizing system, which means that the fuel moisture is not prevented from entering the boiler but evaporated by the supplied energy of the recirculating flue gas. Since the moisture content in the fired lignite is high, a significant amount of flue gas needs to be re-circulated. By implementation of socalled open pulverizing system, the moisture released from lignite in the milling system would not enter the furnace, that will result with boiler efficiency improvement [35] . In that case, the adiabatic combustion temperature would increase and the exergy destruction in the combustion process will be reduced. Air preheating by use of dryer exhaust gases can be integrated within this measure and would further increase the overall boiler efficiency.
Further steam generator efficiency improvement can be achieved by maintaining optimum level of excess air in the furnace and by minimizing disorganized intake of air along the gas path. In addition, an improved combustion system, including staged air and fuel introduction and better mixing, will result in reduced formation of NO x . This measure is in direct correlation with the opportunity to reduce exergy dissipation due to the irreversibility of the heat transfer, by reducing the temperature difference between the combustion products and working fluid (water, steam and air) in every stage of the HES. Further comprehensive indepth research, that includes both energy and exergy efficiency analyses, should yield more complete insight into the performance and efficiency enhancement opportunities of the TPP and its components in different operating regimes, including combined heat and power generation modes [35] .
Conclusion
The efficiency of the thermal processes occurring in a 315 MW utility lignite-fired power plant is analyzed from the energy and exergy viewpoint. An optimization model is established, based on an energy balance, zonal calculation method and exergy method, in order to determine the magnitude of the exergy dissipation in the plant components. The largest exergy destruction in the power plant occurs in the steam generator, because of the high internal exergy losses due to the irreversibility of the combustion process and the heat transfer between the combustion products and water-steam stream. Depending on the working regime, the steam generator is responsible for about 83% of the total exergy destruction in the power plant. Despite the fact that the considered steam generator is already in use longer than its designed technical life-time, its energy efficiency is still relatively high, since the internal irreversible phenomena do not affect much the energy balance. However, its exergy efficiency is considerably lower, with values slightly above 40% in different operating modes. Based on the conducted analysis, several options are considered to be analyzed in more detailed manner for enhancement of the power plant and boiler efficiencies. In that direction, optimization of combustion through sufficient combustion air preheating by use of dryer exhaust gases, controlling the excess air at optimal level, delivery of pre-dried lignite by use of hot-and cold flue gas recirculation, creating conditions for suitable fuel and air mixing can be effective in order to reduce the exergy dissipation. The opportunities for limiting the exergy dissipation in the heat transfer process are mostly based on reduction of the temperature difference between combustion products and working fluid in HES and, therefore, less feasible. -share of gas component in mixture, [-] Greek symbols α c -convective heat transfer coefficient β c -combustion efficiency Δβ c -fraction of fuel undergone combustion in a considered zone λ -excess air coefficient ψ -thermal efficiency coefficient ψ' -thermal efficiency of a zone inlet ψ" -thermal efficiency of a zone outlet η -efficiency, conversion degree ‹'› -value of variable at the zone entrance ‹"› -value of variable at the zone exit 
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